A full implementation of the ab initio density functional plus dynamical mean field theory (DFT+DMFT) formalism to perform total energy calculations and structural relaxations is proposed and implemented. The method is applied to the structural and metal-insulator transitions of the rare earth nickelate perovskites as a function of rare earth ion, pressure, and temperature. In contrast to previous DFT and DFT+U theories, the present method accounts for the experimentally observed structure of LaNiO3 and the insulating nature of the other perovskites, and quantitatively reproduces the metal-insulator and structural phase diagram in the plane of pressure and rare earth element. The temperature dependence of the energetics of the phase transformation indicates that the thermal transition is driven by phonon entropy effects.
INTRODUCTION
Understanding the interplay of the quantum mechanics of strongly interacting electrons and the crystal structure of real materials is a fundamental challenge for modern materials theory. In correlated electron materials, metalinsulator transitions and other important electronic phenomena often occur in conjunction with large amplitude lattice distortions and changes in crystal symmetry and theoretical methods must handle both on the same footing. The combination of density functional theory (DFT) and dynamical mean field theory (DMFT) [1] enables calculations of many-body physics in the context of a realistic crystal structure. Most applications of the method to date have featured the computation of spectroscopic properties in a fixed structure determined either through experiment or DFT or DFT+U . The DFT+DMFT method has not been widely used to compute which is the favored structure. In this paper we show that total energy calculations within the DFT+DMFT formalism correctly reproduced the nontrivial coupling between the structural and metal-insulator transitions in the strongly correlated rare earth nickelate materials.
Total energy calculations have been implemented in the DMFT framework with varying degrees of sophistication. In pioneering work, the energy of the δ-Pu was computed as a function of volume [2] , though an approximate DMFT impurity solver was used. The volume collapse transition of paramagnetic Ce [3] [4] [5] has also been studied, but full charge self-consistency was not attempted. More recently, studies have been performed on the energetics of transition metal systems using full charge self-consistency with approximate DMFT impurity solvers [6] , while other studies have used the Hirsch-Fye quantum Monte Carlo (QMC) for the DMFT impurity problem but do not include full charge self-consistency [7] [8] [9] . Fully charge selfconsistent calculations using approximate DMFT impurity solvers also have been performed to study the elastic properties of Ce [10] , Ce 2 O 3 [10, 11] , and Pu 2 O 3 [10] . Very recently, fully charge self-consistent calculations which use continuous-time QMC to solve the DMFT impurity problem have been used to calculate the z position of the As atom in iron pnictides [12, 13] and the thermodynamics of V 2 O 3 [14] , Ce [15] . These most advanced studies have not yet addressed a phase transition between two different structures.
In this paper we investigate the structural and metalinsulator phase boundaries of the family of rare earth nickelate perovskites RNiO 3 as a function of rare earth ion R and pressure. The rare earth nickelates provide a crucial challenge to theoretical methodologies because they exhibit a metal-insulator transition which is closely tied to a large-amplitude two-sublattice bond-length disproportionation in which the mean Ni-O bond length becomes larger for Ni sites on one sublattice and smaller on the other [16] . The electronic state has been the subject of substantial discussion [17] [18] [19] [20] [21] [22] but has now been identified as a site-selective Mott transition [23] . The location of the phase boundaries in the pressure-temperature plane varies across the rare earth series [16, 18, [24] [25] [26] [27] , with Lu having the highest critical temperature and pressure and La remaining metallic down to lowest temperature at ambient pressure. Standard DFT and DFT+U methods fail to describe the phase diagram, with DFT predicting that all compounds remain metallic and undisproportionated and DFT+U predicting that all compounds are disproportionated at ambient pressure. These results establish that strong electronic correlations are crucial to structural phase stability and methods beyond DFT and DFT+U are required to properly describe them. Here we show that DFT+DMFT succeeds in providing a unified description of the entire class of the rare-earth nickelates using as input only the nature of the atoms, with the interaction parameters (U ,J, double counting correction) fixed for the entire series.
TOTAL ENERGY METHODOLOGY
We perform total energy calculations within the charge-self-consistent DFT+DMFT framework [1] . The total energy is obtained from the DFT+DMFT functional Γ[ρ, G] using the converged charge density ρ and local Green's function G as
where E DF T is the DFT energy, E band is the Kohn-Sham band energy correction due to the DMFT density matrix and E pot is the DMFT potential energy obtained by the trace of ΣG. The DFT+DMFT procedure requires values for the on-site interactions and, if standard approximations to the exchange correlation functional are used, a 'double counting correction' [28] [29] [30] [31] formally written here as E dc . Typically, the double-counting energy is expressed as a function of the total occupation, N d , of the correlated subspace, and the result of the DMFT and charge self consistency is to fix N d and thus the mean p − d energy splitting at particular values. Previous work has shown that the results are very sensitive to the resulting value of N d and hence to the form of the doublecounting [23, 32, 33] . Here we use the functional form of the fully-localized-limit E dc [29] , but allow for a prefactor U ′ which may be different from U :
with the double counting potential V dc = ∂E dc /∂N d . In this work we choose a U ′ value (4.8eV) only slightly different from the conventional choice of U ′ = U (5.0eV) and we fix this U ′ for all RNiO 3 series used in this paper. Compared to the conventional choice of U ′ = U , our choice has the effect of modestly increasing the energy splitting between oxygen p and Ni d states and modestly decreasing the d occupancy. As we will see, this choice of U ′ provides a correct and consistent account of the physics of rare earth nickelates across the entire phase diagram, providing strong a posterior evidence in favor of this ansatz. Not only the energetics, but also the DFT+DMFT spectral function of nickelates computed using the reduced U ′ value is more consistent with experimental spectra than is the conventional choice [? ]. We further observe that the conventional choice of double counting has no clear theoretical justification [31] and fails to produce the correct structural properties in nickelates (see Fig. 1 ) while in early transition metal oxides it fails to reproduce the known Mott insulating behavior [33] .
Our calculations use the Vienna ab-initio simulation package [34, 35] (VASP) with the Perdue-BurkeErnzerhof exchange-correlation functional and a k-point mesh of 6 × 6 × 6 for the P bnm and P 2 1 /n structures and and 8 × 8 × 8 mesh for the LaNiO 3 R3c structure with an energy cutoff of 600eV. The Kohn-Sham Hamiltonian is represented using maximally localized Wannier function (MLWF) [36] defined in an energy window including the full p − d manifold, in order to allow for a tractable DFT+DMFT implementation in a plane-wave basis. The correlated subspace is defined to be the Wannier orbitals corresponding to atomic-like Ni-d orbitals defined from the Wannier construction. They interact via the fully rotationally invariant Slater-Kanamori interactions. The intra-orbital Coulomb interaction U is set to 5eV and the Hund coupling J to 1eV for all calculations reported here. We do not include spin-orbit coupling. The filled and electronically inert t 2g orbitals are treated by a Hartree-Fock approximation while the e g orbitals are treated by DMFT. The impurity model is solved using the hybridization expansion version of the numerically exact continuous time QMC method [37, 38] ; temperatures as low as 0.01eV are accessible. Computation of atomic forces have not yet been implemented in the MLWF basis. Therefore, at a specified volume we minimize the DFT+DMFT total energy along a onedimensional path that interpolates between the P bnm and highly distorted P 2 1 /n structures, and to determine the global minimum we then find the unit cell volume at which the total energy is minimized. To construct the one dimensional path at fixed volume we determine the internal cell coordinates and cell shape for the P bnm structure by relaxing using DFT and for the P 2 1 /n structure by relaxing using DFT+U . Interpolating between the two structures defines a one dimensional path for this specified volume. We parametrize the path by the value of the difference δa between the mean Ni-O bond lengths in the two sublattices in the P 2 1 /n structure. This prescription is chosen because P bnm is unstable within DFT+U while P 2 1 /n is unstable within DFT. It should be noted that this algorithm is well defined and provides a reasonable approximation to the global minimization. Also, for a DFT+DMFT path, the fixed volume in Fig. 1 is slightly larger than the volume at a global minimization since the theoretical pressure can not be computed.
RESULTS: PHASE DIAGRAM
We begin by presenting in Fig. 1 the energy as a function of distortion for the two end members of the phase diagram: LaNiO 3 and LuNiO 3 . Comparison of the diamonds (blue online) and pentagons (green online) shows that the full charge self-consistency has only a small effect on the total energy. Given that full charge self-consistency is extremely costly from a computational standpoint, all remaining calculations are performed using the converged DFT charge density. The DFT+DMFT total energy curve obtained with the modified double counting U ′ =4.8eV are in a good agreement with the experimental values. (lower panel) calculated as described in the text using fully charge self consistent DFT+DMFT with original (squares, black online) and modified (diamonds, blue online) double counting correction and compared to DFT+DMFT energies computed using the DFT charge density (N.C.S.C, pentagons, green online) and to energies obtained from the DFT+U method (circles, red online). The experimentally determined values (δa = 0.085Å (LuNiO3) and δa = 0 (LaNiO3)) are indicated by vertical dashed lines. The interaction parameters for both DFT+DMFT (T=116K) and DFT+U (implemented in VASP) are U =5.0eV and J=1.0eV.
not to disproportionate while LuNiO 3 is found to disproportionate and minimizing the energy yields a nearly correct Ni-O bond-length difference and an insulating ground state. If the standard double counting is used LuNiO 3 is wrongly predicted not to disproportionate. Finally we note that the DFT+U approximation strongly overestimates the amplitude of the disproportionation in LuNiO 3 and wrongly predicts that LaNiO 3 is disproportionated (although the energy minimum is very shallow). Having established our approach for the end members at ambient pressure and low temperatures, we now compute the phase diagram as a function of unit cell volume (tuned experimentally by pressure). Fig. 2 shows the calculated DFT+DMFT phase boundaries for the structural (squares and solid lines, blue online) and the metal-insulator (circles and solid lines, red online) transitions compared to the results of DFT+U calculations (open symbols, blue and red online) and to experiment (pentagons and dashed lines, black online). To obtain the experimental results we used the results of Ref. 27 for the pressure-driven metal-insulator transitions in pressure data in (Y, Eu, N d, P r)NiO 3 . Low T (∼ 100K) data were used where available. For Y NiO 3 and EuNiO 3 , only higher T data were available and results for T = 100K were extrapolated from the high temperature results using a T -dependence derived from the published data on N d and P r compounds. The slow variation of the critical temperature T MI with pressure justifies the extrapolation. The error bars indicate the uncertainties arising from the extrapolation. The critical pressure is converted to a reduced volume using the DFT estimate of the pressure-volume curve obtained from DFT calculations. We note that Ref. 20 reports results for LuNiO 3 which correspond to a transition at a much smaller volume difference (much smaller critical pressure) inconsistent with our calculations or the trends reported in Ref. 27 . Possible reasons for the discrepancy are discussed in Ref. 27 .
The calculated DFT+DMFT phase diagram is in good agreement with experiment, predicting correctly that at ambient pressure all rare-earth nickelates are bond-length disproportionated and insulating except LaNiO 3 and reproducing quantitatively the critical volume at which the insulating and distorted state is destroyed. A prediction is that under 1.5% volume expansion LaNiO 3 would undergo a metal-to-insulator transition. By contrast the DFT+U method strongly overestimates the critical compression needed to destroy the insulating phase. The qualitative features of the δa vs volume curves are similar for all nickelates. As also seen in Fig. 2 , the calculated insulator to metal transition (marked by vertical dashed lines) occurs after the onset of the structural distortion. The experimentally determined metal-insulator transition volume for N dNiO 3 occurs at a rather smaller reduced volume (around 2%) than is found theoretically (∼ 3.4%) LaNiO 3 is the only nickelate in a rhombohedral structure experimentally and and at ambient pressure remains metallic without any bond-length disproportionation at down to lowest temperature. The DFT+DMFT result predicts that the material would undergo a strongly first order transition to a bond disproportionated state at a slightly larger volume (∼ 1.5%). This result is reminiscent of the metal-insulator transition of LaNiO 3 observed in thin films under tensile strain [39, 40] . The nickelates undergo thermally driven insulatormetal and structure transitions with temperatures which can be as high as ∼ 500K for LuNiO 3 [18] . Fig. 4 depicts the DFT+DMFT energy curve as a function of δa computed for LuNiO 3 at different temperatures. We see that increasing the temperature does not change the electronic energetics significantly; both the location of the minimum and the magnitude of the energy difference between undistorted and distorted states remain essentially unchanged even up to temperatures of more than twice the ordering temperature. We can also see that electronic entropy effects would only enhance the distorted state as the site selective Mott state which describes the insulating nickelates has a S = 1 local moment on every second site corresponding to entropy S = k B (ln 3)/2 ≃ 0.55k B per site (k B is the Boltzmann constant). The undistorted metallic state is a correlated Fermi liquid at low temperatures [S = (π 2 /3)k B D(e f )T /Z ≃ 0.005k B using the band theory values for the density of states D and our calculated Z ∼ 3 (consistent with other work [41] )]. At higher temperatures the state evolves to a bad metal with a very large scattering rate and the entropy increase saturates. Thus considerations of electronic entropy favor the distorted state at all accessible temperatures and we therefore conclude that the transition is driven by phonon entropy effects which are not included in our calculation.
CONCLUSION
In summary, we used state of the art DFT+DMFT methods to study theoretically the interplay of nontrivial structural and electronic effects in the rare earth nickelates. We found that calculations using one fixed set of interaction parameters correctly captures the dependence of structural (P bnm vs P 2 1 /n) and electronic (metal vs insulator) properties as a function of rare earth ion and applied pressure (see Fig. 2 ). Furthermore, the computed bond length disproportionation is in good agreement with experiment (see Fig.3 ) while the thermal transition has been shown to be driven by phonon entropy effects. These results establish the DFT+DMFT method as a useful tool for predicting structural and electronic properties of strongly correlated oxides. One important direction for future research is the computation of forces, which allow for first-principles molecular dynamics based on DFT+DMFT energetics.
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